Correlation and regression analyses were carried out between the virulence (expressed as growth rate in apple fruits) and the secretion in vitro of three host wall-degrading enzymes by I 19 isolates of Sclerotinia fructigena, most of which had been obtained following exposure of conidia to N-methyl-N'-nitro-N-nitrosoguanidine. Virulence was found to be significantly correlated (P < 0.01) with a-L-arabinofuranosidase, but not with pectin esterase or, where enzyme interdependence had been statistically eliminated, with polygalacturonase. Approximately 35 % .of the total variability in virulence could be accounted for in terms of the three enzymes.
INTRODUCTION
The part played by wall-degrading enzymes in the pathogenicity of fungi and bacteria to higher plants is still not fully understood (Bateman & Millar, 1966; Wood, 1967; Albersheim, Jones & English, 1969) . One experimental approach has been the attempted correlation of the virulence of a range of isolates with their ability to secrete specific wall-degrading enzymes (Howell, I 972) . Both positive and negative correlations have been found; in some cases, different workers have reported opposite results for the same pathogen.
The fungus Sclerotinia fructigena, which causes the brown rot disease of apples, secretes a large number of wall-degrading enzymes in culture; most have been detected in vivo and may be involved in the pathogenicity of the fungus . For 1 2 isolates of the related species Monilinia (Sclerotinia) fructicola, Hall ( I 972) showed a highly significant correlation (r = 0.88) between virulence and growth rate in vitro on pectin. On the other hand, in a comprehensive study Morrall, Duczek & Sheard (1972) found no correlation between virulence to six hosts and pectolytic enzyme secretion by isolates of non-fruit-rotting Sclerotinia spp.
I have attempted to correlate virulence with the secretion of three wall-degrading enzymes by 119 isolates of S. fructigena, mostly obtained following mutagen treatment. The term 'virulence' is used as defined by the Federation of British Plant Pathologists (1973), and implies a quantitative measure of the degree of pathogenicity of an isolate.
Virulence of Sclerotinia fructigena 33

METHODS
Fungal culture. Sclerotinia fructigena Aderh. & Ruhl. (~~~~2 6 1 0 6 ) was a monoconidial isolate from a spore suspension prepared from an infected apple fruit, of cultivar Cox's Orange Pippin. It was selected for its good growth rate in vitro and in vivo and its ability to sporulate in culture.
Media. Stock cultures of ATcc26106 were maintained on potato-carrot agar (grated potato, 20 g; grated carrot, 20 g; agar, 20 g; tap water, I 1). For sporulation or enzyme production, V-8 agar slopes or pectate-tartrate media respectively were used (Byrde & Fielding, 1968) . Growth rate in vitro was estimated on potato-dextrose agar (PDA) from Oxoid.
To preclude isolation of nutritionally deficient mutants following mutagen treatment, a minimal medium was used, containing (g/l): NH,Cl, 3.0; MgSO4.7H20, 1.5; KH2P04, 25; sucrose, 10.0; agar (Oxoid No. 3), 20.0. Where it was desired to limit colony size, as for initial isolation, the sucrose was reduced to I g and sorbose (4 g) included.
Mutagen treatments. These were done on twice-washed spore suspensions in sterile distilled water from V-8 cultures of ~~~~2 6 1 0 6 approximately one week old. (i) Ultraviolet irradiation. Spore suspensions were placed in sterile quartz tubes closed with sterile corks. A glass-fronted box containing a mercury-vapour lamp, type T/Mg/36gE (A,,, 240 nm) (Thermal Syndicate Ltd, Wallsend, Newcastle), 150 mm distant from the rotating tube was used for irradiation for 45 min, giving about 96 % kill. The contents of each tube were poured into separate IOO ml quantities of liquified sorbose agar at about 45 "C.
Plates were poured immediately and incubated in darkness for 30 h to prevent photoreactivation. All discrete colonies were assumed to have developed from single spores and were transferred to slopes of minimal medium. (ii) N-methyl-N'-nitro-N-nitrosoguanidine (NTG) treatment. Washed spores were exposed to NTG (0.8 mM) for 2 h which gave about 95 % kill. The spores were centrifuged (500 g, 2 min), washed four times with sterile water and either poured into minimal sorbose agar at 45 "C, as above, or spread on the surface of that medium. Discrete colonies were transferred to minimal agar slopes.
Fungal growth rate estimation. (i) In vitro. Growth on solid media was assessed by inoculating at a central point each of 10 plates with a 4 mm disc, cut from the advancing edge of a colony on PDA, and placed fungus-side down on the surface. Cultures were incubated at 25 "C in darkness. Colony growth was measured daily along two predetermined diameters at right-angles. (ii) In vivo. A thin flap of tissue on the 'equator' of an apple fruit was lifted with a sterile scalpel, and inoculated with a disc obtained as above. The flap was pressed down, and the fruit incubated in darkness at 25 "C, with the open end of the flap pointing downwards. Measurements of the resulting rot were made along two diameters twice daily. All growth rates were calculated by use of a standard parallel-line assay analysis. As this calculation was performed on diameters, the figures given are twice the radial growth rate. The x-intercept gave an indication of lag period. Pectin esterase (PE) (EC. 3 . I . I . I I) was estimated by the titration method, using the substrate mixture described by Smith (1958) , adjusted to pH 5.0, and a reaction time of 30 min. Results were expressed as ml of 0.01 M-NaOH/h.
Design of main correlation experiment. This involved the estimation of four parameters : growth rate in vivo (as a measure of virulence), and in vitro secretion of AF, PG, and PE. From an initial 859 isolates, isolates with growth rates in vitro so low as to preclude easy handling were eliminated. From the remainder, %I 39 isolates (A~cc26106 itself, four derived from U.V. irradiation, 119 from NTG treatment, and 15 from conidia of ~~~~2 6 1 0 6 which had had no mutagen treatment) were randomly selected.
Assays of the three enzymes were made on the filtrate from 7-day-old cultures in pectate-tartrate medium (5 ml) dispensed in specimen tubes (7-5 x 2.5 cm), each seeded with a single 4mm disc cut from the advancing edge of a colony on PDA. Incubation was carried out at 25 "C for 7 days on a reciprocal shaker (stroke 5 cm; IOO strokes/min).
From preliminary tests using A~cc26106, the extent of variability was estimated and the required degree of replication calculated. Assays of AF and PE were accordingly done on 4 tubes/isolate, each tube being sampled twice; for PG, 6 tubes were each sampled three times. The means and standard errors for ~~~~2 6 1 0 6 for these assays were: PG, 10.89 & 0.86 mm; PE, 0.46 & 0.14 ml 0.01 M-NaOH/h; AF, 2-40 & 0.42 AE4,,Jh. Laboratory temperature was used for the AF and PE assays. During the period when PE was assayed this was fairly constant, but varied while AF assays were performed. AF results were therefore expressed as percentages of those for ~~c c 2 6 1 0 6 , in an attempt to eliminate the effects of uncontrolled temperature which seemed to be responsible for the greater part of the variation. However, the variations between control values were always small compared with the range found for the full set of isolates.
Apples, cultivar Bramley's Seedling, were used for the estimation of growth rate in vivo; they had been stored at 4 "C until a few days before use. The isolates were divided into three groups on the basis of their general level of enzyme secretion (which had by then been estimated), i.e. high, medium and low. Each apple was inoculated with one isolate from each group. Twenty replicates of the entire set of isolates were used, in a balanced incomplete block design; batches of apples were inoculated during a 9-week period. In a more detailed examination using A~cc26106 and another isolate, some changes in growth rate over this period were demonstrated, presumably due to fruit senescence, but the layout was designed to minimize these changes as a source of variability.
For 20 isolates, growth rate was estimated in vitro also: it was expected that the use of a high glucose concentration in the PDA would repress pectolytic enzyme secretion. These estimations were done at the same time as the final replicate in vivo, and the same plates were used as the source of inoculum.
Statistical treatment of results. Correlations between data for growth rates and for enzyme secretion were examined. A comparison was made between the analysis of raw data and the use of hyperbolic transformations, which seemed justified for the enzymes if they were rate-limiting; for such a factor a given increase would seem likely to have a greater effect when it occurred from an initially low level than from an initially high level.
The transformations used in practice were : I /PG, I /(AF + 20), and I /PE + 0-2. The constants incorporated in the AF and PE transformations were selected empirically, to Virulence of Sclero t inia fructigena 35 maximize the proportion of variability of growth rate in vivo which could be accounted for by the enzymes. Three forms of correlation analysis were used : (i) multivariate correlation, in which it was assumed all variables, except the pair being examined, were independent; (ii) partial correlation, where the relation of each enzyme to growth rate was determined, eliminating the effects of the other two enzymes; (iii) multiple regression analysis, which attempted to explain variation in growth rate in vivo in terms of the three enzymes, allowing for possible correlations between the enzymes.
In the equation thus derived, the coefficient for each enzyme represented the difference in growth rate that would be associated with a given activity when the effects of the other two enzymes were eliminated. The equation also showed the proportion of the variability in growth rates which had been accounted for by the factors studied.
Throughout the Results, asterisks denote the levels of statistical significance; * P < 0.05; ** P < 0.01; *** P < 0'001.
R E S U L T S
Range of parameters recorded PG activities (corrected ring diameters) among the 139 isolates studied in detail varied from 5-34 to 17-06 mm. Transforming these figures this represents a range from a 12-fold reduction to a 17-fold increase as compared with ~~~2 6 1 0 6 . PE ranged from zero to 466 yo of the value for ~~~~2 6 1 0 6 , and AF from 5 to 210 yo. Secretion in vitro of a fourth enzyme [pectin lyase (EC. 4.2.2. IO)] was unfortunately so variable in preliminary experiments with a few isolates that it was not routinely examined. Growth rate in vivo ranged from 0.13 to 0-71 mm/h, representing 21 to 113% of that of ~~c c 2 6 1 0 6 (0.63 mm/h). For 20 isolates, all NTG-derived, excessive variability was encountered in the data for growth rate in vivo and the analysis was therefore restricted to the remaining 119 isolates.
Multivariate correlation Table I shows the simple correlation coefficients calculated from the data, both for the 119 isolates for which growth rates in vivo were considered reliable and for the 20 isolates for which data for growth rate in vitro were also available (these 20 included three for which the data for growth in vivo was highly variable). For the latter group of 20, correlations were in general less significant, and no significant correlation was obtained between growth rates in iitro and in vivo. The larger analysis gave evidence of a correlation between AF and PG, and between each and growth rate in vivo, also between PE and PG or AF.
When untransformed data for the 119 isolates were analysed, only PG-AF, PG-PE, and AF-growth in vivo, were significantly correlated.
No significant correlation was found between the lag period (x-axis intercept) in vivo and transformed enzyme data.
Partial correlation As already mentioned, this analysis was done to eliminate the effects of any interdependence of enzyme data. Table 2 summarizes the results obtained and gives strong evidence that virulence, in terms of growth rate in vivo, is correlated with AF secretion in vitro, but is not correlated with either of the other two enzymes. Presumably the apparent relationship between growth rate in vivo and PG secretion indicated in Table I arose from the PG-AF interdependence also shown there. PE secretion showed no significant correlation, but tended to be associated with less growth rather than more. Multiple regression analysis This was calculated using transformed enzyme values against growth rate in viva (' ) or against reciprocal of growth rate (~/ y ) .
The equations obtained (a further sign change accompanies the use of the reciprocal for growth) were: 
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This analysis thus confirms that AF is the only enzyme examined which shows a significant relationship with growth rate in vivo.
In the two equations, the proportions of the total variability in virulence accounted for by variation in enzyme values were 30.9 and 37.0y0, respectively, of which the major contribution clearly came from AF.
Full details of the results have been lodged with the British Lending Library, Boston Spa, Yorkshire, as Supplementary Publication No. SUP 28002 (6 pp.). Copies may be obtained from the BLL on demand. Requests should be accompanied by prepaid coupons (held by many university and technical libraries, and by the British Council) or by a cheque for 25p (65p to Europe, 75p elsewhere) per copy.
DISCUSSION
Attempted correlations between the virulence of fungi or bacteria and their ability to secrete wall-degrading enzymes are difficult to interpret. Conclusions have sometimes been based on very small numbers of isolates, and a positive correlation, where obtained, is no proof of cause and effect. Secretion of pectolytic enzymes in vitro is also very easily modified by the growth medium used (Bateman & Millar, 1966) .
Negative results may be open to several other criticisms: (i) published correlation data rarely take account of all the enzymes known to be secreted by fungi and bacteria; (ii) different species, or even genera, of the pathogen have sometimes been used, where many factors other than wall-degrading enzyme secretion would be variable; (iii) the heritability of the parameters has generally not been examined; unless this is high, changes could occur during the period of the tests, especially if repeated transfers were involved.
The present study ,attempted to meet some of these objections. Thus to meet objection (i), an enzyme (AF) attacking neutral sugar polymers was included, together with two (PG and PE) attacking polyuronide ; it was unfortunate that, for reasons mentioned above, pectin lyase could not be included. Objection (ii) was partially overcome by the use of closely related isolates. However, because of the multinucleate conidia and likely heterokaryotic nature of S. fructigena (Hoffmann, 1970 (Hoffmann, , 1972 Howell, 1972) , other factors besides those examined were probably also variable, though this variability is likely to be less than if unrelated isolates had been used. Objection (iii) was partially met by the demonstration (Howell, I 972) that the variability of the untreated progeny of two isolates for PG, and of one isolate for the other parameters, was considerably less than the differences between the mutagen-treated isolates that were analysed.
Of the two mutagens used, NTG appeared much more effective in producing isolates with widely varying wall-degrading enzyme activities. One of the isolates obtained after NTG treatment showed a 17-fold increase in PG secretion, and may be useful in studies on this enzyme.
The analysis supports the view ) that secretion of wall-degrading enzymes is involved in the pathogenicity of S. fructigena to apple fruit: the multiple regression was particularly valuable in quantifying the degree of involvement, estimated to be about 35 % for the enzymes examined. Of these, and within the range of activities recorded, AF secretion was the parameter most closely correlated with virulence, and the apparent involvement of PG in the 'simple' correlation was seen to stem from its own association with AF. This association may reflect some common factor in the control mechanisms, some evidence for the existence of which was obtained in enzyme induction studies by Archer (1973) . PE, in contrast, did not appear to be involved (cf. Volkova, 1971 , working with Pseudornonas tabaci).
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H. E. HOWELL Table 2 shows a positive correlation between PG and growth in vitro. Such correlations were expected because the amount of a constitutive or induced enzyme secreted would seem likely to be related to the general vigour of the isolate. The analysis of selected strains for growth rate in vitro confirmed that such effects were not responsible for any correlations found with results in vivo.
At first sight, the AF-virulence correlation is surprising. Unlike PG and pectin lyase, the AF of S. fructigena does not have readily detectable physiological effects, for it causes neither tissue maceration (Byrde & Fielding, 1968 ) nor cell leakage (Byrde et a/. 1973) . This lack of activity is probably due, at least in part, to the enzyme's 'terminal' hydrolysis mechanism-which would result in a slower decrease in polymer size than that caused by random cleavage.
Three hypotheses to account for the observed correlation of AF with virulence seem worthy of consideration: (i) Before host cell leakage occurs, the arabinose liberated could serve as carbon source for the advancing hyphae.
(ii) Some fungal endopolygalacturonases can be inhibited by lectins present in cell walls (Albersheim & Anderson, 1971) . A lectin from potato was found to contain a very high proportion of arabinose units in the polysaccharide component of the glycoprotein (Allen & Neuberger, 1973) . Such units could be hydrolysed by AF, so lessening or eliminating inhibitory effects on other extracellular fungal enzymes, or any ' recognition ' function the lectin might possess. Knee (1975) detected in apple fruit the presence of wall glycoproteins, with typical hydroxyproline-arabinoside linkages, that were susceptible to very slow attack by AF.
Another association, apparently of a different kind, between pathogen virulence and changes in arabinose-containing polymers in the host was reported by Tatareau & Auriol (I 972) and Touz6 (I 9 7 9 , working with Colletotrichum lagenarium attacking Cucumis melo. A significant increase in polymer-bound arabinose was noted following infection, the extent of the increase being greater with the more virulent isolates of the pathogen.
(iii) The possibility cannot be discounted that AF is not itself directly involved, but that virulence is primarily governed by an unknown factor, with which AF is sufficiently associated (e.g. through a joint control mechanism) to account for the observed AFvirulence correlation. Such a mechanism was postulated for the lack of rnannanase and xylanase in cellulase-negative mutants of Polyporus adustus (Eriksson & Goodell, I 974). For S . fructigena, if another enzyme is implicated it is clearly more closely associated with AF than with PG or PE. The cross-induction by arabinose of galactanase and P-galactosidase secretion by two plant pathogenic fungi (Cooper & Wood, 1973 
